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DOI 10.1016/j.str.2011.01.018SUMMARY cally and by inhibiting a-Thr172 dephosphorylation (SandersAMP-activated protein kinase (AMPK) is a heterotri-
meric complex composed of a catalytic subunit,
b scaffolding subunit, and g regulatory subunit with
critical roles in maintaining cellular energy homeo-
stasis. However, the molecular architecture of the
intact complex and the allostery associated with
the adenosine binding-induced regulation of kinase
activity remain unclear. Here, we determine the
three-dimensional reconstruction and subunit orga-
nization of the full-length rat AMPK (a1b1g1) through
single-particle electron-microscopy. By comparing
the structures of AMPK in ATP- and AMP-bound
states, we are able to visualize the sequential confor-
mational changes underlying kinase activation that
transmits from the adenosine binding sites in the g
subunit to the kinase domain of the a subunit. These
results not only make substantial revision to the
current model of AMPK assembly, but also highlight
a central role of the linker sequence of the a subunit
in mediating the allostery of AMPK.
INTRODUCTION
MammalianAMP-activatedprotein kinase (AMPK)plays acentral
role in controlling body metabolism in response to fluctuations in
intracellular AMP/ATP ratio (Fogarty and Hardie, 2010; Scott
et al., 2009; Steinberg and Kemp, 2009). AMPK is a heterotrimer
consisting of a, b, and g subunits. The b scaffolding subunit
mediates AMPK assembly by bridging a and g subunits. Alter-
ations in AMP/ATP ratio are sensed by the g subunit through
four cystathionine b-synthase (CBS) motifs forming three AMP
binding sites, two of which are exchangeable with ATP (Xiao
et al., 2007). The a catalytic subunit contains an N-terminal
Ser/Thr kinase domain (KD), a putative autoinhibitory domain
(AID) and a C-terminal region required for b subunit binding.
AMPK is activated (1000-fold) via phosphorylation of
a conserved threonine (Thr172 in rat) in the activation loop of
the KD by upstream protein kinases. The kinase activity
of mammalian phosphorylated AMPK can be further enhanced
(25-fold) by the binding of AMP to its g subunit, both allosteri-Structure 19,et al., 2007; Suter et al., 2006). When the b subunit is myristoy-
lated, AMP binding also stimulates a-Thr172 phosphorylation
(Oakhill et al., 2010). The effects of AMP on AMPK activation
are antagonized by ATP.
Despite published X-ray crystal structures cover most of
AMPK’s sequence (Amodeo et al., 2007; Chen et al., 2009; Ru-
dolph et al., 2005; Townley and Shapiro, 2007; Xiao et al.,
2007), several fundamental issues on AMPK’s function still
remain elusive due to lacking structural information of the intact
complex. First, the molecular architecture of the three multido-
main subunits in AMPK is unknown. Second, it is unclear how
the subtle structural changes seen in the crystal structure of
the g subunit upon adenosine binding (Amodeo et al., 2007;
Townley and Shapiro, 2007; Xiao et al., 2007) can be ultimately
translated into the regulation of the kinase activity in the
a subunit. Finally, whereas the existence and functional rele-
vance of AMPK homo-oligomer is emerging (Riek et al., 2008;
Scholz et al., 2009), it is necessary to further dissect the structure
and determinants of AMPK oligomerization.
Therefore, obtaining the three-dimensional (3D) structure of
the full-length AMPK is mandatory to address the inter- and in-
trasubunit cross-talks underlying the assembly and function of
AMPK. Recently, Riek et al. (2008) have generated the two-
dimensional average images and the molecular shape of full-
length AMPK by electron-microscopy (EM) and small angle X-
ray scattering (SAXS). Although very informative, these results
did not allow the dissection of the molecular architecture of
AMPK. In the present study, we report the first 3D reconstruction
of full-length rat AMPK (a1b1g1) in basal and adenosine-bound
states by single-particle EM (Leschziner and Nogales, 2007;
Zhang et al., 2010). With the aid of observation of the AMPK trun-
cation mutants, and docking of the X-ray crystal structures of
AMPK subunits or fragments, we are able to establish themolec-
ular architecture of AMPK and further visualize the allostery
associated with adenosine binding-induced kinase activation
or inhibition, yielding a three-state model for AMPK structure
and regulation.RESULTS
Preparation of AMPK Oligomer for Reconstruction
Full-length rat AMPK composed of intact a1, b1, and g1 subunits
was expressed and purified to near homogeneity (Figure 1A).515–522, April 13, 2011 ª2011 Elsevier Ltd All rights reserved 515
Figure 1. Characterization and Visualiza-
tion of AMPK Samples
(A) Silver-stained SDS-PAGE of purified rat AMPK
(a1b1g1).
(B and C) Visualization of AMPK monomer (B) and
oligomer preparations (C) by electron-microscopy
(EM). Scale bar = 50 nm.
(D) The number of triangular AMPK oligomer per
EM field (50 k3) after diluted to 0.25 mg/ml for
indicated periods at 18C. Data correspond to
mean value ± SEM.
See also Figure S1.
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Architecture and Allostery of Full-Length AMPKMass spectrometry analysis revealed non-myristorylation of the
b1 subunit and partial phosphorylation of the a1 and b1 subunits.
The catalytic activity of our AMPK preparation showed expected
responses to AMP, indicating appropriate assembly of the func-
tional heterotrimeric complex. EM visualization of the full-length
AMPK at low concentrations (<0.5 mg/ml) revealed monodis-
persed particles with many distinct appearances, presumably
due to nonpreferential orientation of the protein absorbed onto
carbon films (Figure 1B). Occasionally, we could observe signif-
icantly larger, triangle-like particles whose occurrence was
favored with increased protein level (>3 mg/ml) and slightly
acidic pH (pH 6.8) (Figure 1C). Because the concentrated
AMPK sample was eluted at higher molecular weight without
compromising the kinase activities (see Figures S1A and S1B
available online), we reasoned that the triangular particle repre-
sented functional intact AMPK oligomer. Once formed, these
oligomers were relatively stable and could persist upon dilution
over prolonged incubation (Figure 1D; Figure S1C). Because
the oligomer preparation preserved proper AMPK functionality,
and since their dimension is suitable for single-particle EM
reconstruction, these oligomers were consequently used to
pursue the 3D structure of full-length AMPK.
Reconstruction of the Structure of the AMPK
in Basal State
The triangular particles of AMPK without incubation with adeno-
sine (basal state) in the untilted micrographs were first subjected
to two-dimensional (2D) image analysis. Classification of the516 Structure 19, 515–522, April 13, 2011 ª2011 Elsevier Ltd All rights reservedaligned particles yielded ten classes
showing similar appearances consist of
three rod-like densities (8.5 ± 0.4 nm
length) and three globular densities
(4.7 ± 0.1 nm diameter) (Figure 2A). The
global average map of the triangular
particles clearly revealed a 3-fold rota-
tional symmetry (Figure 2B; Figure S2A),
suggesting the triangular oligomer repre-
sents an AMPK trimer with each mono-
mer or unit containing one rod-like
density and one globular density. An ab
initio 3D model of the triangular particle
was next reconstructed by RCT algo-
rithm. The reconstruction exhibited
a molecular weight (MW) of 389 kDa at
a 3s threshold that agrees well with theMW of AMPK trimer (390 kDa), showing an appearance and
dimension comparable to the observed triangular particles (Fig-
ure S2B). As such, each unit in this apparent trimeric model
showed a shape that is similar to that of AMPK monomer ob-
tained with SAXS and EM (Riek et al., 2008) (Figure S2C). Further
analysis confirmed that the three units were highly resemblant
and interrelated with each other essentially by an in-plane rota-
tion of 120 (Figure S2D). These results thus support that the
triangular oligomers are composed of three monomers arranged
with C3 symmetry in a head-to-tail manner. The final reconstruc-
tion of AMPK trimer with the imposed symmetry (Figure 2C) was
refined to a resolution of 20 A˚, and a good agreement was found
between the experimental class averages and the corresponding
model projections (Figure 2D).
Determination of the Subunit Organization within AMPK
The AMPK monomer extracted from the trimer reconstruction
showed irregular shape that can be roughly divided into two
parts: an extended flat A-region and a somewhat globular B-
region (Figure 3A). The rod-like and globular densities of the
2D average image correspond to the projections of A- and B-
region, respectively. To unambiguously delineate how the three
subunits arranged within AMPK monomer, both experimental
and computational approaches were adopted. First, we visual-
ized the AMPK truncating mutants that lack either the KD of
a subunit (AMPK-DKD) or the glycogen-binding domain (GBD)
of b subunit (AMPK-DGBD). Deletion of KD prevented AMPK-
DKD from forming triangular particles (Figure 3B). By contrast,
Figure 2. Reconstruction of the 3DModel of
AMPK Trimer in Basal State
(A) Class averages of the triangular particles in
untilted micrographs.
(B) The average rotational power spectrum of the
global average map of the triangular particles
calculated with XMIPP.
(C) The refined 3D model of AMPK trimer with
imposed C3 symmetry contoured at 3s threshold
exhibiting a molecular weight of 389 kDa.
(D) Assessment of the quality of the reconstruction
by the FSC resolution (left panel), the distribution
of the used particles in Euler angle space (middle
panel), and comparison of the experimental class
averages and the corresponding 2D projections
(right panel).
See also Figure S2.
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Architecture and Allostery of Full-Length AMPKtriangular particles were greatly reduced rather than disap-
peared in AMPK-DGBD sample (Figure 3C). These strongly
suggest that KD is directly involved in AMPK trimer assembly,
while GBD probably affects the intermonomer interaction indi-
rectly via interfering with the conformation of AMPK. Indeed,
the dimensions of most particles agreed with that of mutant
monomer, the small size of which disallowed us to reconstruct
reliable 3D models. However, it is feasible to compare the
average images of the high-quality classes of the mutants with
their best cross-correlated projections of the full-length AMPK
reconstruction to locate the deleted domain. The absent density
in AMPK-DKD was readily mapped to the B-region of full-length
AMPK (Figure 3B), pinpointing the location of the KD. Localiza-
tion of the GBD, however, was not so straightforward possibly
due to its relatively low MW: only in limited views, the minor
missing density could be detected in a portion of A-region (Fig-
ure 3C), hinting the position of the GBD.
With the guide of the experimental evidence, docking of
crystal structures of AMPK fragments (Figures 3D and 3E; Fig-
ure S3) was next performed. A-region of AMPK monomer was
the only sound location for fitting the core complex containing
the intact g and the C-terminal of a and b subunits. Indeed,
when the model is rendered at a higher threshold, a channel
appears in the A-region, and its location corresponds well with
the position of the adenosine binding channel of the docked g
subunit. The three protrusions of B-region could accommodateStructure 19, 515–522, April 13, 2011the N-lobe, C-lobe, and AID of the crystal
structure of KD-AID neatly. The incom-
plete occupation of the kinase lobes in
the protrusions may be due to the unre-
solved (invisible) sequence, and/or
conformational differences of the KD in
isolated and complexed states. To fit
the GBD of b subunit, the volume occu-
pied by the core complex and the KD-
AID were first subtracted from the model,
leading to localization of the GBD to the
corner of the A-region adjacent to the B-
region. As such, the location of the GBD
within AMPK is in agreement with the
experimental observation made onAMPK-DGBD (Figure 3C). The prominent empty volume
between the docked GBD and the core complex is most likely
to contain the N-terminal of b subunit without available crystal
structure. The rest space along the ridge of the model would
be occupied by aa 336-395 of the a subunit, termed linker
sequence (LS) herein, the unstructured nature of which allows
this 60 aa segment to snake around the complex, connecting
the AID and theC-terminal b subunit binding domain of a subunit.
The resulting model with all docked components in position is
shown in Figure 3F, which reveals extensive intra- and intersubu-
nit interactions in addition to the so-called scaffolding assembly,
underlining the complexity of AMPK regulation (also see Discus-
sion and Figures S3C–S3E).
Allostery Induced by Adenosine Binding
We continued to investigate the structures of AMPK in ATP- and
AMP-bound states to dissect the adenosine binding-induced
allostery. Interestingly, incubation of the AMPK oligomer prepa-
ration with 1 mM ATP or AMP did not result in appreciable
changes in the distribution or appearance of the triangular parti-
cles (Figures S4A and S4B). These would suggest that the gross
structure of AMPK is not much affected by adenosine binding.
Indeed, in the 3D reconstructions of the adenosine-bound
AMPK, the overall trimer assembly and monomer configuration
were similar to that of the basal state (Figure 4; Figures S4C
and S4D). However, a detailed comparison revealed meaningfulª2011 Elsevier Ltd All rights reserved 517
Figure 3. Determination of the Subunit Organization within AMPK Monomer
(A) 3D model of the AMPK monomer extracted from the trimer reconstruction.
(B and C) The positions of KD (B) and GBD (C) within AMPK were located by visualization of AMPK truncating mutants. AMPK-DKD and AMPK-DGBD particles
were collected from negative stained micrographs (left panel), and subjected to 2D alignment and classification. The high-quality class averages (column Avg of
the right panel) were compared with their best cross-correlated AMPK projections (column Proj), yielding difference maps at 3s threshold (column Sub) su-
perimposed to the corresponding AMPK projections for determination of the positions of the KD and the GBD (column Sup, red color indicates the density
differences). Scale bar = 50 nm.
(D and E) AMPK fragments (D) with crystal structures (E) were docked into the 3D EMmodel of AMPKmonomer. These fragments (shaded in D) cover most of the
AMPK sequence (Figure S3A).
(F) The final model with all docked components in position. There was no appropriate volume to fit the activation loop of KD (the second row). Thismay be because
the activation loopmerges with the N- or C-lobe of kinase in the full-length complex; alternatively, the activation loop is disordered and disappeared upon average
during image processing, consistent with the facts that the activation loop is disordered and invisible in most AMPK KD crystal structures. A model contoured at
a higher threshold instead of 3s is to show the appearance of a hole that corresponds to the location of the adenosine binding channel of the docked g subunit (the
right panel of the first row). A scheme summarizing the docking results is given for clarity (the lower right corner).
See also Figure S3.
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Architecture and Allostery of Full-Length AMPKconformation differences (Figure 5), which were further verified
by independent reconstruction using different batch of AMPK.
The final models shown in Figure 5 are based on the merged
data sets.
Using the ATP-bound state as the reference, it is obvious that
AMP binding results in significant gain of volume above the
adenosine binding site of the g subunit (Figure 5A). Accordingly,
the appearance of the channel in the AMP-bound model
requires a significantly higher threshold than that of ATP-bound
model (Figure 5B), indicating that the additional mass is re-
cruited to the adenosine binding site in response to AMP
binding. Because only fine density change occurs on the oppo-
site face of the g subunit and there is only subtle difference
between crystal structures of the g subunit in ATP and AMP-
bound states (Amodeo et al., 2007; Townley and Shapiro,
2007; Xiao et al., 2007), this volume gain is most likely due to
the sequestration of the LS of the a subunit. Accordingly, such
translocation of the LS accompanies with the concomitant
loss of volume that is occupied by the LS at the edge of the
core complex in ATP-bound model. These local conformational
changes presumably generate strain that conducts to the
C-terminal of the AID and pulls it away from the KD to release
the autoinhibition. Indeed, the densities between the AID and
the KD N-lobe are decreased considerably upon AMP binding,
indicating the corresponding interactions are markedly weak-518 Structure 19, 515–522, April 13, 2011 ª2011 Elsevier Ltd All righened. As a result, the N- and C-lobe of the KD acquire a relative
close conformation in the AMP-bound model as evidenced by
the reduced intersection angle between the two lobes, consis-
tent with the active state of a kinase.
Interestingly, further comparison indicates that the structure of
the AMPK in basal state is more similar to the AMP-bound state,
exhibiting weakened interactions between the AID and the KD
N-lobe and a relative close conformation of the KD (Figure 5C).
The relocation of LS in the basal state model, albeit showing
a similar trend, is less prominent than that in the AMP-bound
model. These results suggest AMPK in basal state may actually
be in a priming configuration.
DISCUSSION
In the present study, we have resolved the first 3D structure of
intact AMPK monomer in the context of a homotrimeric
assembly by single-particle EM. Despite the established capa-
bility of AMPK to self-associate into a range of oligomeric
species (Riek et al., 2008; Scholz et al., 2009), a trimeric form
has not yet been formally demonstrated. By contrast, the low-
order AMPK oligomer is usually referred to as dimer. Such
discrepancy should largely be due to the irregular shape of
AMPK monomer, which would complicate the precise assign-
ment of oligomeric stoichiometry by indirect measurements.ts reserved
Figure 4. Reconstruction of the 3D Models
of AMPK Trimer in Adenosine-Bound States
The final models of ATP-bound (A) and AMP-
bound AMPK (B) with imposed C3 symmetry and
the quality assessments of the reconstruction are
shown. See also Figure S4.
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Architecture and Allostery of Full-Length AMPKNevertheless, oligomeric species with dimensions or MW
comparable to that of the trimer were detected in the previous
studies (Riek et al., 2008; Scholz et al., 2009), and presumed
dimer particles could also be observed in our AMPK oligomer
samples. Since oligomerization is a common regulatory mecha-
nism of kinases (Pellicena and Kuriyan, 2006), it is plausible that
the low-order oligomers (e.g., dimer and trimer) are normal
AMPK species that may actively participate in regulation of
cellular energy homeostasis (please also refer to Figure S1
legend). According to the docking results (Figure 3F), AMPK
trimer assembly may be primarily mediated by electrostatic
interactions between the KD and the g subunit from the adjacent
monomers (Figures S3C–S3E).
Themolecular architecture of AMPKmonomer reported herein
makes substantial revisions to the current model and also
reveals several interesting new features. First, according to the
crystal structures of AMPK core complex (Amodeo et al., 2007;
Xiao et al., 2007), most models (Amodeo et al., 2007; Chen
et al., 2009; Riek et al., 2008) have predicted at least conceptu-
ally that the C-terminal b binding domain and the N-terminal KD
of the a subunit are spatially separated by the core complex with
the linker sequence (LS) traverses the g subunit connecting
these two domains. By contrast, our EM architecture indicates
that while the LS still traverses the g subunit, the C- and
N-terminal halves of the a subunit are on the same side of the
core complex. Second, the previous biochemical (Wong and
Lodish, 2006) and structural data (Amodeo et al., 2007) have
suggested an intramonomer interaction between the KD and
the g subunit; however, our model indicates that these two parts
may actually be involved in mediating the intermonomer oligo-
merization. This is consistent with the observation that the
AMPK truncating mutant without KD could no longer form trian-
gular particles, and also clarify that the a subunit indeed has
the potential to bind the b (Amodeo et al., 2007; Townley andStructure 19, 515–522, April 13, 2011Shapiro, 2007; Xiao et al., 2007) and g
subunits (Wong and Lodish, 2006) simul-
taneously via intra- and intermonomer
interactions, respectively. Third, the
GBD is located to the region between
the core complex and the KD. This region
also contains the middle portion of the
LS, suggesting that the possible GBD-
LS cross-talk may underpin the capacity
of GBD to interfere with the oligomeriza-
tion of AMPK and to conduct adenosine
binding-independent regulation on the
kinase activity of AMPK (McBride et al.,
2009; Scott et al., 2008). Finally, the
extensive intra- and intermonomer inter-
actions between the KD, the LS, and theg subunit observed in the EM architecture not only highlight
the complexity of AMPK action, but imply the existence of addi-
tional layer(s) of regulation.
Comparison of the models with or without incubation with
adenosine provides further insight into the structural basis
underlying AMPK’s action, resulting in a three-state model of
AMPK function and regulation (Figure 5D). The unexpected
finding that AMPK in basal state exhibits weakened KD-AID
interactions argues that AMPK may be in a priming state.
However, in physiological condition, AMPK is saturated by
AMP or ATP; so the priming state might not be critical for
AMPK regulation. Several mechanisms, including direct interac-
tions of the g subunit with the KD (Townley and Shapiro, 2007)
or certain phosphorylated residues on the a or b subunits (Xiao
et al., 2007), have been proposed to explain the prominent
enigma in AMPK function, i.e., how the subtle structure changes
seen in the g subunit between the ATP and AMP-bound states
could be finally translated into the regulation of the KD.
However, a central role of the LS of the a subunit in transmitting
the adenosine binding-induced allostery through regulated in-
tramolecule interaction with the adenosine binding site of the
g subunit is highlighted herein. Considering the length of the
LS (60 aa; maximal length 20nm) and the distance (17 nm)
it traverses, it is plausible that even a small change in LS config-
uration could generate a long-range strain to drive the neces-
sary allostery. A similar role of regulatory sequence of Snf1 in
regulating SNF1’s activity has also been proposed (Amodeo
et al., 2007; Jiang and Carlson, 1996; Leech et al., 2003). Never-
theless, the marked difference in their length (121 aa versus
60 aa) and the insensitivity of SNF1 to AMP (Wilson et al.,
1996) indicate these two sequences should work with distinct
mechanisms.
A close inspection of the sequence of LS and the space it
occupies within the molecular architecture of AMPK leads toª2011 Elsevier Ltd All rights reserved 519
Figure 5. Analysis of the Adenosine Binding-Induced Allostery of AMPK
(A) Comparison of ATP-bound and AMP-bound models.
(B) Comparison of the channel associated with adenosine binding in ATP- and AMP-bound models contoured at different thresholds.
(C) Comparison of ATP-bound and basal state models.
(D) The proposed three-state model of AMPK structure and regulation.
See also Figure S5.
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Architecture and Allostery of Full-Length AMPKthe additional speculation that the LS may possess two critical
subsegments with each contributes to a different level of regula-
tion. It should be the C-terminal subsegment of the LS that
senses the adenosine binding status of the g subunit and initiates
the allostery by adjusting its interaction with the adenosine
binding site. To accomplish the presumed actions, the
C-terminal subsegment may contain motif(s) that can (1) anchor
to the positively charged adenosine binding site (Xiao et al.,
2007); (2) take up the position that would be occupied by the
two additional phosphates of the bound ATP (Figures S5A and
S5B). The middle subsegment of the LS, however, traverses
the region that contains the GBD, and shows remarkable config-
uration change upon AMPbinding (Figure 5A). Thus, the possible
cross-talk between the two components may explain why the
GBD can modulate the kinase activity in an adenosine binding-
independent manner. Taken together, themolecular architecture
and allostery of the full-length AMPK established by the current
work reveal a key role of the LS in regulating AMPK’s function,
providing clues for future biochemical studies to dissect the
mechanisms associated with the different levels of AMPK regu-
lation. In addition, considering the complexity and functional
importance of AMPK posttranslational modifications, the rele-
vance of these conformational changes in regulation of b-myris-
torylated or a/b-phosphorylated AMPK requires further
investigation.520 Structure 19, 515–522, April 13, 2011 ª2011 Elsevier Ltd All righEXPERIMENTAL PROCEDURES
Preparation of AMPK
Full-length rat AMPK (a1b1g1) was expressed, purified, and characterized as
in our previous work (Chen et al., 2009). In brief, the rat AMPK holoenzymewas
expressed with a tricistronic vector in Escherichia coli BL21 (DE3) at 20C. The
protein was sequentially purified by Ni-NTA resin (QIAGEN), ion exchange and
gel filtration columns (Source-15Q/15S and Superdex-200, GE Healthcare)
and stored in aliquots at 80C. The structure and functional states of the
samples were further analyzed by electrophoresis, enzyme activity assay
and size exclusion chromatography. The time-of-flight mass spectrometry
analysis revealed that the a1 and b1 subunits showed some mass heteroge-
neity, while the g1 subunit exhibited little modification. The a1 subunit carried
partial phosphorylation, and peptide mapping analyses showed that Thr258,
Ser404, and Ser475 may be phosphorylated. The b1 subunit was also partially
phosphorylated at either Ser24 or Ser25, but carried no myristoylation as our
AMPK protein was expressed in E. coli in the absence of N-myristoyl trans-
ferase. The lack of the myristoyl group could also contribute to the formation
of the heterotrimers (Mitchelhill et al., 1997; Warden et al., 2001).Electron Microscopy
AMPK was diluted to 0.150.3 mg/ml in 10 mM Tris (pH 6.8), 15 mM NaCl,
1 mM TCEP, 1.2 mM MgCl2 in the absence or presence of 1 mM adenosine
(ATP or AMP) and incubated for 12 hr at 18C before negative stained
(Shen et al., 2009; Wu et al., 2003). In brief, a 4 ml droplet of sample was added
to a freshly glow-discharged carbon coated 300 mesh copper EM grid for 10 s
followed by staining with 1% uranyl acetate for 30 s. For random conical tilt
(RCT) reconstruction (Frank, 2006), micrograph pairs were collected at 45ts reserved
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Architecture and Allostery of Full-Length AMPKand 0 on a Tecnai G20 (FEI) operated at 200 keV under low-dosemode on Ko-
dak SO-163 films at 50 k3, 1218 e-/A˚2/s and a underfocus ranging from
1.21.7 mm. The films were developed in D-19 developer for 12 min.Image Processing
Micrographs were digitized with a step size of 21.17 mm/pixel with a Microtek
120tf scanner, corresponding to 4.23 A˚/pixel at the sample level. All the
following processing was done by a combination of SPIDER (Frank et al.,
1996) and EMAN (Ludtke et al., 1999). The power spectrums of all micrographs
were checked to exclude those with drift or astigmatism. After normalization of
the micrographs, particle pairs (at 0 and 45) were extracted using WEB
(Frank et al., 1996) with a box size of 72 pixels. 3284, 7874, and 7602 particle
pairs were selected for AMPK, AMPK+ATP, and AMPK+AMP, respectively.
Untilted particles initially low-pass and high-pass filtered at 30 and 200 A˚,
respectively, were subjected to multiple rounds of reference-free alignment
and classification till convergence with EMAN and SPIDER, yielding ten class
averages for subsequent multireference alignment. The in-plane rotation
angles obtained by the alignment were combined with the estimated tilt angles
to build the angular file for reconstructing class volumes from the tilted parti-
cles by RCT algorithm implemented in SPIDER. To ensure the homogeneity
of the particles used for building the initial model, only the first 80% members
of each class were used. High-quality classes without significant differences in
initial reconstructions (cross-correlation coefficient > 0.89) were merged for
calculating new volumes. After 14 iterations of projection-matching refinement
using SPIDER, the resultant reconstructions were used as the starting model
for additional 22 iterations of angular refinement, in which step the data set
included all the tilted particles and 15% of their untilted counterparts. C3
symmetry was only applied at the final refinement stages.
The resolution of the reconstruction was estimated by Fourier Shell Correla-
tion (FSC). The final models were rendered in UCSF Chimera (Pettersen et al.,
2004) and contoured to enclose amass of 389 kDa assuming a protein density
of 1.35 g/ml (0.81 Da/A˚3). The X-ray crystal structures were docked into the EM
density map with SITUS (Wriggers et al., 1999) and Chimera (Pettersen et al.,
2004).ACCESSION NUMBERS
The density maps of AMPK, AMPK+ATP, AMPK+AMPwere deposited in Elec-
tronMicroscopy Data Bank (EMDB) with the access number EMD-7650, EMD-
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